The effects of cold plasma (CP) treatment on seed germination, seedling growth, root morphology, and nutrient uptake of a tomato were investigated. The results showed that 80 W of CP treatment significantly increased tomato nitrogen (N) and phosphorus (P) absorption by 12.7% and 19.1%, respectively. CP treatment significantly improved the germination potential of tomato seed by 11.1% and the germination rate by 13.8%. Seedling growth characteristics, including total dry weight, root dry weight, root shoot rate, and leaf area, significantly increased after 80 W of CP treatment. Root activity was increased by 15.7% with 80 W of CP treatment, and 12.6% with 100 W of CP treatment. CP treatment (80 W) markedly ameliorated tomato root morphology, and root length, surface area, and volume, which increased 21.3%, 23.6%, and 29.0%, respectively. Our results suggested that CP treatment improved tomato N and P absorption by promoting the accumulation of shoot and root biomass, increasing the leaf area and root activity, and improving the length, surface area, and volume of root growth. Thus, CP treatment could be used in an ameliorative way to improve tomato nutrient absorption.
Introduction
Nutrients, like nitrogen (N), phosphorus (P) and potassium (K), are essential for the vegetative and reproductive growth of plants [1] . The continuous increase in grain yield from in China was ensured with the application of chemical fertilizers [2] . On the other hand, excessive use of chemical fertilizers in recent years has caused water eutrophication [3] and non-point source pollution [4] . For improving the nutrient utilization efficiency of plants, like tomatoes, various studies have been done to improve the efficiency of tomato nutrient uptake, including the development of new varieties [5] and tillage practices [6] . However, these methods cannot solve the problem in a fast and economic way.
Cold plasma (CP), non-thermal technology, can be generated by radio frequency or microwave sources. Reports of potential applications of CP in agriculture have increased significantly in recent years. As one fast, economic, and pollution-free method, CP treatment has been found to promote seed germination and plant yield [7] . It was reported that germination of Paulownia tomentosa was improved by cold air plasma pretreatment [8] . What is more, the growth and yield of wheat has also been shown to be improved by CP treatment in our previous report [9] .
CP treatment was reported to enhance the ability of plants to cope with biotic and abiotic stress, such as drought stress [10] and disease stress [11] . Plasma treatment has been found to promote seedling growth, and the activities of superoxidase and peroxidase of soybean under drought stress [12] . We also reported that CP treatment increase activities of peroxidase, polyphenol oxidase of tomato under disease stress [11] . Since CP treatment could improve the growth and the physiological metabolism of the plant, it may have an additional impact on plant nutrient uptake.
However, there have been quite a few reports about the effect of CP treatment on tomato nutrient uptake. The objectives of the current study were (1) to investigate the influences of CP treatment on seed germination, seedling growth, root morphology, and the nutrient uptake of tomato; and (2) to explore how the regulatory mechanisms underlying tomato nutrient uptake are altered by CP treatment.
Materials and methods

Experimental apparatus
Computer-controlled plasma treatment apparatus HD-2N, described in our previous study [9] , was applied for seed pretreatment. Seeds were exposed to inductive helium capacitive coupled plasma (CCP)，generated by RF discharge with the following parameters: the plasma frequency was 13.56 MHz, pressure of the pretreatment was 150 Pa, electron temperature T e high was 3.5 eV, and electron density n e was approximately 10 12 cm −3
. The discharge chamber was 1200 mm×180 mm× 20 mm of the volume, and the pretreatment time was 15 s with the temperature of 25°C measured by a thermistor.
Treatment condition
Tomato (Solanum lycopersicum L. cv. Shanghai 906) seeds were overspread, kept separately, without touching each other, at the bottom of a glass Petri dish of 150 mm in diameter. Then approximately 200 seeds, 50 seeds in one dish, for each treatment were placed into the discharge chamber for pretreatment. The distance between the seeds and plasma generator was 15 mm. Seeds were subjected to inductive plasma treatment by RF discharge with different powers of 60 W (T1), 80 W (T2), and 100 W (T3). Meanwhile, for control (CK), the seeds were also subjected to the same environment, vacuum, and helium flux as the treated seeds, but without plasma treatment. After pretreatment, the seeds were immediately sowed for the plant experiment.
Seed germination test
A germination test (GB/T 3543. of the national standard of the People's Republic of China was applied for the seed germination test. Evenly, 100 seeds were placed in the culture dish, which was covered with two layers of filter paper and 10 ml of distilled water, with four repeats for each treatment. Then, the seeds were cultured in a light incubator for 7 days under a temperature of 25°C. Seed growth was observed and the number of germinated seeds was recorded visually every day with the following determination role that the germ length had reached half of the seed length.
Germination potential (GP)=number of germinated seeds after 3 days/total number of seeds tested×100%.
Germination rate (GR)=number of germinated seeds after 7 days/total number of seeds tested×100%.
Germination index Gi=Σ(Gt/Dt), Gt is t day number of germinated seeds, Dt is germination days.
Greenhouse experiment
Experiments were carried out at a greenhouse at the Institute of Soil Science, CAS (118°46′ E, 32°03′ N) from June of 2015 to September of 2016 twice. Seeds of the CK and CP treated (T1, T2, T3) were sown and seedlings were grown in a cultivation substrate with vermiculite and perlite 1:1 in volume. One week after sowing, seedlings were fertilized twice a week with Hoagland's solution. 21 days after being sowed, the seedlings were transplanted to individual cultivation pots with a height of 12 cm and diameter of 12 cm, and each pot was filled with 1 kg of soil, previously fertilized with 0.57 g urea, 0.11 g KCl, and 0.09 g Ca (H 2 PO 4 ) 2 before transplanting. There were 3 replicates, 12 plants for each replicate, and a total of 36 plants for each treatment. The greenhouse was maintained between 15°C and 25°C under natural light, and the plant was watered regularly to keep the soil water content at the level of 70% of the field maximum moisture capacity.
Seedling growth
15 days after transplantation, the leaf area was determined using a portable leaf area meter (LA-S, Wanshen Co., Hangzhou, China). The plants were separated by shoot and root, and were washed with distilled water and dried at 105°C for 30 min, and 70°C for 48 h to a constant weight. The shoot biomass and root biomass were weighed. The root shoot rate was calculated as root biomass/shoot biomass. A sample of fresh root was used for the determination of root activity using the TTC method [13] , and three replicates were used for each experiment.
Root morphology
Three repeats of the root samples from each treatment were collected and washed with distilled water 15 days after transplantation. The root length, surface area, and volume were measured by the Win Rhizo 2005a software from digital images captured with an EPSON1680 scanner (Epson, Long Beach, CA, USA) with three replicates for each experiment.
Nutrient uptake
The plant sample was washed with distilled water and dried at 105°C for 30 min, and 70°C for 48 h in an oven to constant weight. 100 mg of each sample, grinded to 2 mm, was digested by the nitric acid-perchloric acid mixture (HNO 3 -HClO 4 ). Nitrogen was determined by the total Kjeldahl nitrogen method, and phosphorus (P) and potassium (K) were determined using an atomic absorption spectrometer (model AA-670, Shimadzu Co., Kyoto, Japan) with three replicates for each experiment.
Statistical analysis
All data are presented as the mean value ±standard error (SE) of the three replicates. Analyses were performed using the SPSS statistical software package (version 18.0) and the variance (p<0.05) of the data was analyzed by a one-way ANOVA test (Duncan's test).
Results
Seed germination
The germination potential and germination rate of the CK were 67.7% and 80.3%, respectively (table 1). The germination potential and germination rate were significantly higher in the T2 treatment (80 W) than in the CK by 11.1% and 13.8%, respectively, and there were no significant differences between the treatment with 60 W, 100 W, and the CK in the germination potential and germination rate. However, the germination index of all treatments had no significant difference compared to the CK.
Seedling growth
The total dry weight, root dry weight, root shoot rate, and leaf area of the CK were 2.53 g, 0.39 g, 0.17, and 154.3 cm 2 (table 2). CP treatment could improve the growth of tomato seedling, and T2 (80 W) could significantly increase the total dry weight (26.8%), root dry weight (38.4%), and leaf area (33.2%) of the tomato seedling. However, the root shoot rate of all treatments had no significant differences compared to the CK.
Root activity of the CK was 221.5 μg·h −1 ·g −1
( figure 1) . CP treatment could enhance the root activity of the tomato seedling, and the root activity of T2 and T3 was 256.3 μg·h −1 ·g −1 and 249.4%, 15.7%, and 12.6% significantly higher than the CK.
Root morphology
The root length, surface area, and volume of the CK were 183. 3 
Nutrient uptake
Tissue N, P, and K of the CP treatment were higher than in the control (table 4). Tissue N of T2 and T3 were 24.24 g·kg −1 and 22.16 g·kg −1 , respectively, significantly greater than in the CK by 23.7% and 13.1%, respectively. And tissue P of T2 was 4.55 g·kg −1 , 19.1% great higher than the CK. However, there no significant difference in tissue K between the CK and CP treatments was shown.
Discussion
It is of great importance to improve the efficiency of plant nutrient utilization for reducing the environmental pollution caused by excessive use of chemical fertilizers. Currently, CP stimulation shows an important role in agriculture application. It could activate endogenous substances in seeds, promote plant growth, and improve crop yield. However, there are few reports on the effect of CP treatment on plant nutrient uptake. In the present study, we investigated the effect of CP pretreatment on the biomass, leaf area, root activity, root morphology, and nutrient uptake in tomato. What is more, we attempted to elucidate the effect and mechanism of CP treatment on tomato nutrient uptake.
Firstly, we found that CP treatment could significantly improve the uptake of N and P of tomato, while K uptake was also increased after CP treatment, but no significance was shown. After CP treatment, tomato N and P uptake increased 23.7% and 19.1% compared with the CK. The germination of tomato seed was significantly improved by CP treatment in our results. Previous reports showed that CP treatment could increase the germination of pea seed [14] and oat seed [15] . In addition, we found the biomass accumulation and leaf area of tomato were significantly increased after CP treatment. In agreement with these results, Safari et al [16] reported that CP treatment of 1 min showed an improvement on the shoot and root lengths as well as the total leaf area of Capsicum annuum. Plant transpiration would be enhanced by a larger leaf area, leading to the promotion of water and nutrient uptake of tomato [17] . Our results indicate that the improvement of N and P uptake in tomato plants pre-treated with CP was partly due to the promoted growth and leaf area.
Root is the functional organ for nutrient absorption of a plant. Li et al [18] reported that the root dry weight of soybean was higher after CP treatment compared with the CK, in agreement with our result that the tomato root dry weight in T2 was 38.46% higher than in the CK. It was reported that root biomass accumulation would improve N absorption of Celtis leavigata [19] . There has been few reports on the effect of CP treatment on plant root activity, and our results showed that root activity was significantly enhanced in 80 W and 100 W CP treatments. Björk et al [20] reported that high root activity enhanced the nitrogen mineralization and improve plant N absorption. Our results showed that CP treatment improved root biomass accumulation and increased the root activity of tomato, indicating that the improved absorption of N and P was likely due to the increased root biomass and activity effected by CP treatment.
As root morphology, including root length, surface area, and volume, play a great role in plant nutrient absorption, we further investigated the effect of CP treatment on tomato root length, surface area, and volume. And we found root length, surface area, and volume were significantly increased after CP treatment, indicating that CP treatment has a positive effect on tomato root morphology. Jackson and Stivers [21] found that the density of lettuce root length could increase its capacity for N uptake. França et al [22] reported that rice cultivar with a higher root surface area was associated with higher nitrogen concentration in leaves and stems. Ran et al [23] investigated the effect of root volume on peach nitrogen uptake, and they found that with increasing root volumes, peach would uptake and accumulate more nitrogen. According to previous reports and our results, CP treatment might improve tomato N and P absorption by ameliorating tomato root morphology.
Conclusion
In the present study, we attempted to elucidate the effect and regulatory mechanism underlying the role of CP treatment in tomato nutrient uptake. CP treatment could promote the accumulation of shoot and root biomass, increase the leaf area and root activity, improve the growth of root length, surface area, and volume, leading to the increased uptake of nitrogen and phosphorus. Thus, CP treatment could be used in an ameliorative way to improve N and P uptake of tomato. However, further studies are needed to investigate the effects of CP treatment on tomato growth and yield. Data are the mean±SE of three replications. Different letters (a, b) in the same column mean significant differences at the p<0.05 level as determined by a Duncan's test. Data are the mean±SE of three replications. Different letters (a, b) in the same column mean significant differences at the p<0.05 level as determined by a Duncan's test. Data are the mean± SE of three replications. Different letters (a, b) in the same column mean significant differences at the p<0.05 level as determined by a Duncan's test.
